Abstract Among multiple factors influencing osteoporosis, genetic variations involved in bone-mineral metabolism can affect risks predisposing to the disease onset. Here, we studied single-nucleotide polymorphisms (SNPs) in the pro-opiomelanocortin (
Introduction
Osteoporosis, one of the most prevalent disease conditions in older age groups, is pathologically defined by low bone mineral density (BMD) and deterioration of bone structure (Riggs and Melton 1986; Kanis et al. 1994) . Like many other common diseases, multiple factors, including genetic variations, determine predisposition for onset or progression of osteoporosis, as has been indicated by genetic-epidemiological studies (Peacock et al. 2002; Albagha and Ralston 2003) . Numerous studies on genetic risks for osteoporosis have been investigated to date, mainly by association studies and linkage analysis for quantitative trait BMD (Liu et al. 2003) .
Among those studies, a quantitative trait locus (QTL) for spinal BMD has been identified in the chromosomal region 2p23-24 in large Caucasian pedigrees (Devote et al. 1998 ). An independent study for distal forearm BMD in Chinese (Niu et al. 1999 ) detected contribution of similar locus (2p23.3) expanding about 18-Mbp, which completely overlaps the formerly detected locus (about 5-Mbp; markers from D2S149 to D2S387). In the later study, several candidates, including the pro-opiomelanocortin gene (POMC), were proposed; however, no responsible variations have been identified as yet.
An important aspect of BMD regulation is conducted through immunological responses to inflammatory events, presumably through activation of osteoclastogenesis (Manolagas 1995; Rodan and Martin 2000) . In addition to complex cytokine pathways for which the most attention have been paid, regulation through endocrine systems, notably hormonal regulation of adrenal corticoids, is important, as indicated by clinical knowledge of glucocorticoid-induced osteoporosis (Patschan et al. 2001) . Moreover, higher hierarchical regulation of systemic corticoid levels, i.e., hypothalamus-pituitary-adrenal axis (HPA-axis), may have critical effects on homeostatic regulation of the immune system. Thus, genes involved in this system, such as POMC, should be considered for the association study.
POMC is a large precursor protein for multiple functional peptide hormones, including adrenocorticotrophic hormone (ACTH), melanocyte-stimulating hormones (alpha-MSH, beta-MSH, and gamma-MSH), and beta-endorphin. In addition to classical knowledge of influences on serum corticoid levels or on metabolic control of energy expenditure and body mass (Pritchard et al. 2002; Appleyard et al. 2003) , direct and indirect effects of these peptides on the immune system have been clarified recently (Luger et al. 2003) . Here, in this study, we investigated the eight single nucleotide polymorphisms (SNPs) of the POMC as good candidates for testing association between the genotypes and bone phenotype. In addition, to evaluate the effects on other metabolic systems, we investigated the association of body mass index (BMI) and serum cholesterol levels to the genotypes among 384 adult Japanese women.
Materials and methods

Subjects
DNA samples were obtained from peripheral blood of 384 adult Japanese women Iwasaki et al. 2003) . All were nonrelated volunteers who gave informed consent prior to the study. No participant had medical complications or was undergoing treatment for conditions known to affect bone and lipid metabolism, such as pituitary diseases, hyperthyroidism, primary hyperparathyroidism, liver disease, renal failure, adrenal diseases, or rheumatic diseases, and none was receiving estrogen replacement therapy. Physical and clinical profiles of the subjects, including age, body weight, height, BMD, plasma total cholesterol (T-chol), triglycerides, and high-density lipoprotein cholesterol (HDL-C) levels were obtained from the records of a healthcheck screening program. Mean values and standard deviations (SD) were 58.4±8.6 (range 32-69) years for age, and 23.7±3.61 kg/m 2 (range 14.7-38.5) for BMI. The areal BMD (expressed in grams per centimeter squared) of the distal radius, measured by dual energy X-ray absorptiometry (DXA) using DTX-200 (Osteometer Meditech Inc., Hawthorne, CA, USA) showed normal distribution (0.399±0.054 g/cm 2 ; range 0.225-0.554). Among 384 subjects, we regarded 64 individuals as low-bone-mass subjects whose adjusted BMD distributed below 0.38 (mean adjusted BMDÀ1SD) and 55 individuals as high-bone-mass subjects whose adjusted BMD was above 0.48 (mean adjusted BMD+1SD). Plasma lipid and lipoprotein concentrations were measured from peripheral blood collected after 12-16 h of fasting by procedures described previously (Hattori et al. 2002) . All measured values were within the normal range (T-chol: 187.0±32.2 mg/dl, triglycerides: 85.5±59.8 mg/dl, HDL-C: 59.1±12.2 mg/dl).
Genotyping for molecular variants in the POMC gene Eight SNPs (Table 1 ) from the NCBI database (dbSNP) or the Celera database (Celera Diagnostics, Rockville, MD, USA) were selected and denoted as À2353G/A, À2345G/A, À2313A/C, À1845C/T, IVS1+267C/G, IVS2+276C/G, A132P (c.396G/C), and c.585T/C (195-Ala) according to their positions in a contig-sequence (NT_022184.13; NCBI RefSeq database) (Fig. 1a ). All were confirmed to be polymorphic in our test population (n=24), and thus, the 384 subjects were genotyped either by cycle sequencing, TaqMan Assay (Livak 1999) , or Invader assay (Mein et al. 2000) (Table 1) .
For five SNPs (À2353G/A, À2313A/C, À2345G/A, À1845C/T, and A132P), cycle sequencing was carried out using the BigDye terminator v1.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and the ABI PRISM 377 DNA Sequencing System (Applied Biosystems). The following primers were used: F-1, 5¢-ACTCTTTCAAGCAGATGGTGGT-3¢ and R-1, 5¢-AGCAGGTTCTGCTGCATTAAA-3¢ (for SNP À1845C/T); F-2, 5¢-AAGGCCATTGAACTGCATT-TAG-3¢ and R-2, 5¢-GTCTATGTCAGACGCCTGT-GGT-3¢ (for À2353G/A, À2313A/C and À2345G/A); and F-3, 5¢-AACCCCCGGAAGTACGTCAT-3¢ and R-3, 5¢-GAAGTGCTCCATCCTGTAGGG-3¢ (for A132P). TaqMan assay was carried out for IVS2+4229C/G and c.585T/C, according to the manufacturers' protocol (TaqMan Assays-on-Demand; Applied Biosystems). Invader assay was carried out for IVS1+352C/G according to the manufacturers' protocol (Invader Assay: Third Wave Technologies, inc, Madison City, WI, USA) and the methods described previously .
Statistical analysis
Adjusted values of BMD were obtained after normalizing the measured data with age and BMI by means of multiple regression analysis, as described previously (Iwasaki et al. 2003) . Plasma lipids and lipoprotein concentrations were adjusted by reference to an age group (40-49 years) among standard data from 11,994 individuals in a 2001 cohort study for the Japanese population, using a Z-score calculation (Fujita et al. 2003) .
The three genotypic categories of each SNP were converted into incremental values 0, 1, and 2, corresponding to the number of chromosomes possessing a minor allele, and quantitative association with several physical and clinical values was analyzed via one-way analysis of variance (ANOVA) with linear regression analysis as a post hoc test. The statistical significance of any correlation was accepted when the given p values of the ANOVA F test were less than 5% (p<0.05). To test the existence of dominant or recessive effects of minor allele of each SNP, Student's t test was applied to compare two divided subject groups by possession of minor allele or major allele (p<0.05). Distribution analysis of contingency tables were applied for lowbone-mass (n=64) or high-bone-mass individuals (n=55). Chi-square test for trend was applied (p<0.05). Hardy-Weinberg equilibrium among genotypes was ascertained by the chi-square test. A maximum-likelihood haplotype was estimated by the EM algorithm using Arlequin software (Genetics and Biometry Laboratory, Geneva, Switzerland) (Schneider et al. 2000) , and indices of linkage disequilibrium (LD) were calculated.
Results
Eight SNPs in the POMC gene, one of the likely candidates for osteoporosis susceptibility, were examined in all 384 subjects. Allelic frequencies and genotypic frequencies were clarified and showed no deviation from Hardy-Weinberg equilibrium (Table 1) . By excluding the data from two rare SNPs (IVS1+352C/G and A132P), we estimated haplotype frequencies from available genotypic data for the other six SNPs. The LD analysis, evaluated by D¢ and r 2 for every combination of SNPs, indicated apparent LD within the locus (Fig. 1b) . Especially strong LD was detected among À2353G/A, À2345G/A, and À2313A/C (D¢>0.97, r 2 >0.85).
By examining a correlation between SNP genotype and adjusted BMD for each of the eight SNPs (Table 2) , significant correlation was evident with three promoter SNPs (À2353G/A, À2345G/A, and À2313A/C). For the most significant À2353G/A (r=À0.16, p=0.0020), codominant BMD lowering effect of the minor A-allele was indicated where homozygous carriers of G-alleles had the highest values (0.405±0.054 g/cm 2 ), heterozygous individuals were intermediate (0.390±0.053 g/ cm 2 ), and homozygous A-allele carriers had the lowest adjusted BMDs (0.369±0.048 g/cm 2 ) (Fig. 2a) . Dominant or codominant effect was supported by analyzing the differences between two genotypically divided groups based on dominant model (A-allele carriers: n=132, adj-BMD=0.388±0.053; and noncarriers: n=242, adj-BMD=0.405±0.054, p=0.004, Student's t test) and recessive model (G-allele carriers: n=365, adj-BMD=0.400±0.054; and noncarriers: n=9, Fig. 1 ) . By comparing the distribution of genotypically divided subjects among lowbone-mass individuals (n=64; 36, 25, and three individuals for G/G, A/G, and A/A genotypes, respectively) and high-bone-mass individuals (n=55; 43 and 12 individuals for G/G and A/G: no individual for A/A), significant difference with trend was detected (p=0.006), indicating minor A-allele of À2353G/A could be a genetic risk for low-bone-mass trait.
We examined whether these variations correlated with other clinical features ( Table 2 ). The same three promoter SNPs (À2353G/A, À2345G/A, and À2313A/ C) demonstrated significant correlation to adjusted T-chol levels (ex; À2313A/C; r=À0.12, p=0.019) (Fig. 2b) . No significant correlations were detected between other covariates (age, body weight, height, BMI or adjusted plasma HDL-C and triglyceride levels) and any SNPs.
Discussion
In the work reported here, we detected significant association between genotypes of three POMC variations (À2353G/A, À2345G/A, and À2313A/C) and adjusted levels of radial BMD among adult Japanese women. In addition, the same promoter SNPs showed an association with plasma T-chol level but not with body mass. These data indicated possible influences of POMC polymorphism(s) on bone-mineral status for the first time, as well as on lipoprotein metabolism.
Association of promoter SNP genotype to low-bonemass phenotype indicates that the altered level of POMC peptide might affect the bone metabolism. Lowered BMD can result from accelerated bone loss and/or deficient acquisition of bone mass (Riggs and Melton 1986) . However, because bone loss caused by systemic corticoid use is thought to occur mainly through resorption (Weinstein et al. 2002 (Weinstein et al. , 2004 , POMC variations would also affect resorptive mechanisms. In addition, anabolic aspect of corticoid function should be considered on the skeletal system through multiple pathways (Patschan et al. 2001) . In the feedback system of HPA-axis, multiple cross-talks between the corticotropin releasing hormone, somatostatin growth hormone system, gonadotropin system, and thyroid hormone are known. Longitudinal studies in large cohorts, as well as functional studies, may clarify the molecular events by which SNPs in the POMC promoter bring about alterations in bone metabolism. Presumably, these variation(s) affect transcription of the ACTH-precursor peptide, which should affect secretion of ACTH from the anterior pituitary and/or the regulation of other POMC-derived peptide hormones. The consequent effects on bone metabolism might, in turn, introduce variation in BMD in an adult woman. Those assumptions should be validated by additional studies. As mentioned, POMC was selected as a candidate because it is a precursor of ACTH. Although its function on the skeletal system may mainly depend on the catabolic aspect of corticoids, alternative pathways would also contribute, as described. In addition, other POMCderived peptides, such as MSHs, could be responsible for alterations in bone metabolism. Anti-inflammatory function of alpha-MSH through effects on macrophages has been reported (Star et al. 1995) . Also, alpha-MSH and beta-endorphin functioning in body-mass maintenance and in energy expenditure may contribute to bone-mass regulation because a close relationship between these two regulatory systems has been assumed (Reid 2002) .
Interrelationship between these clinical phenotypes has been documented: Individuals carrying POMC mutations that impair synthesis of ACTH and alpha-MSH were reported to become obese (Krude et al. 1998 ). In addition, linkage and association of the POMC locus were reported for the serum leptin level (Hixson et al. 1999) , fasting insulin level (Santoro et al. 2004) , and obesity (Delplanque et al. 2000) . However, in our test subjects, we detected no significant correlation between the SNP genotype and the indices of obesity; thus, the correlation we observed between BMD and the SNP genotypes was not secondary to altered body mass. Instead, we found an association between variant À2313A/C and adjusted T-chol. Although the detected correlation was weak and reproducibility of this finding or the correlation between the low-density lipoprotein cholesterol (LDL-C) and the genotype was no investigated in our study, the possibility has to be examined in a future study as to whether POMC-derived peptides regulate lipoprotein metabolism through a distinctive mechanism.
Another of our findings, the existence of strong LD among the three significantly BMD-correlated promoter SNPs, may imply an important promoter/enhancer function of the region they share up-stream of the POMC coding sequence. In fact, a computer algorithm, MatInspector program v2.2 (Quandt et al. 1995) , predicted that two of these three SNPs were part of presumed consensus binding sequences of known transcription factors; i.e., À2345G/A in the acute myeloid leukemia (AML) À1a binding sequence (TGCGGT; underlined ''G'' is a variant nucleotide) and À2353G/A in the GATA-1 or GATA-2 sequence (CGAGAT-CGCG; underlined ''G'' is a variant nucleotide). The functional significance of these cis elements and trans factors remains to be clarified. Of course, our study does not stipulate specific SNP(s) that functionally regulate BMD. Thus, we cannot rule out the possibility that these polymorphic markers at chromosome 2 (2p23) may themselves be in linkage disequilibrium with other, unmeasured functional variants (see Fig. 1 ). Functional studies as well as longitudinal studies will be required to find a true mechanistic basis for the associations reported here.
In summary, we have shown a significant association of three variations in the promoter region of the POMC gene (À2353G/A, À2345G/A, and À2313A/C) with radial BMD levels among adult Japanese women. An association was also detected between these SNPs and plasma cholesterol levels. Structural inspection proposed that transcription factors AML-1a and GATA-1 or À2 might bind to sequences containing these SNP sites. Detailed investigations involving molecules of the HPA axis may clarify the true mechanism of BMD regulation by POMC SNPs.
